Flow over a side weir is one of the more complex flows to simulate in one-dimensional unsteady flow analysis. Various experiments have been applied, but no agreement is apparent in the literature about the best method. In this study, an Artificial Neural Network model has been used to extract a discharge equation for side weirs which accurately estimates overflow discharges. The proposed methodology gives the advantage of accounting for both the geometric and hydraulic characteristics of the overflow structure. The developed model is calibrated and validated using experimental data. Model calibration is achieved by using a Multi-Layer Perceptron (MLP), trained with the back-propagation algorithm. In order to highlight the advantage of the developed model over an existing model widely in use, the model's performance is evaluated according to three comparison criteria. The provided results clearly reflect the ability of the developed model to overcome the weakness of conventional models. Key words | artificial neural network, non-linear model, overflow discharge, side weir overflow tures. Various experiments have been applied, but no agreement is apparent in the literature about the best method. Besides, most of the previous work has considered only forward flows, and no detail was given on the 31 where Q in , B and S are respectively the inflow, the top width of the flow cross section and the wetted cross
INTRODUCTION
The hydraulic performance of overflow structures and particularly of side weir overflows is quantitatively and qualitatively difficult to model. These structures are often the site of complex hydraulic phenomena, and compared to frontal weirs their study is relatively recent. The first difficulty is to represent the surface profile along a side weir. The second is to determine the discharge coefficient.
This coefficient depends not only on the head on the weir and the overflow structure geometry but also on flow conditions and pipe slopes upstream and downstream of the side weir.
The earliest studies of the hydraulic characteristics of side-channel weirs were concerned primarily with the analytical prediction of the effects of the weirs on the longitudinal water surface profile in the channel for the idealized case of a rectangular channel with a vertical weir plate and a constant discharge coefficient (De Marchi 1934; Frazer 1957; Henderson 1966) . Some other studies on the evaluation of the discharge over the side channel weirs are those of Subramanya & Awasthy (1972) , El-Khashab & Smith (1976) , James & Mitri (1981) and Hager (1987) . The general character of flows over side weirs is then understood. However, quantitative values for key coefficients are not well known. In addition, most of the work reported on flow over side weirs is for sharp-crested weirs, whereas most prototype systems use broad crested weirs. Very little information is available concerning the effect of the weir crest thickness on the side weir hydraulics. The report by Tynes (1989) contains measurements for flow over a broadcrested side weir; however, his analysis was limited and most of his results are specific to the particular configuration tested. Moreover, Krajewsky et al. (2000) shows that the discharge coefficient is a major source of uncertainty in estimating discharge, a fact reflecting both the lack of standardization and the great diversity of overflow struc-hydraulic behavior of side weirs in cases of surcharging and backwater effects.
Taking into account these considerations, this study focuses on the development of a non-linear model of side weir overflows using the Artificial Neural Network (ANN) approach. Referred to as ''black box'' models, the main advantages of neural network models, compared to conventional simulation models, include their computational speed and ability to learn the relationship between sets of inputs and outputs, without a prior knowledge of the underlying physical process that connects them (Price et al. 1998; Hall & Minns 1998) .
The main goal of this study is to design an easy-to-run and fast, but still accurate, model of side weir overflows using neural networks. In this paper, experimental data including sewer flow characteristics near the studied side weir overflow are at first analyzed. As a next step, the resources of ANNs are explored for the approach implementation. Results of the comparison between the developed model and the De Marchi model as well as some concluding remarks on the potential of the developed approach are included in the final section.
EXPERIMENTAL SITE Description
The side weir overflow under study is located at the outfall of the Lille urban catchment (North France). The catchment area is approximately 155 km 2 , mainly drained by combined sewer systems. As illustrated in Figure 1 , the side weir overflow is fitted out along the side of the 
Available measurements
The data used in this study are collected from two measuring points in the studied area. The first located in the main collector, upstream of the side weir, provides water depth (h w ), water velocity (V w ) and inflow (Q in ) measurements.
The second in the discharge collector allows overflow discharge (Q ov ) measurements for the same periods. All the data which are available from the Meteorological Section of Lille Urban Community, corresponding to 25 rain events, are collected at 5-minute intervals.
METHODOLOGY

Statistical analysis
In order to analyze the linear correlation between the different flow characteristics measured near the side weir overflow, a Principal Component Analysis (PCA) was undertaken. The studied variables are the upstream water depth (h w ), water velocity (V w ), inflow (Q in ) and the overflow discharge (Q ov ). The total number of observations is 1460. The basic goal in PCA is to reduce the dimensionality of the data. This can be achieved by finding p principal directions F 1 , F 2 , . . ., F p such that the first direction explains most of the variance of the data. Having found this direction, the second direction is constructed such that this direction explains most of the remaining variance. This ''iteration'' is repeated to find the third and the fourth principal directions. Mathematically it turns out that these principal directions are formed by the eigenvectors of the covariance matrix of the data. The projection into a two-dimensional space, as illustrated in Figure 2 , is useful for data visualization. It appears that the first two principal directions (F 1 and F 2 ) can be considered as prevalent directions, since they explain more than 90% of the total variance. The correlation coefficients generated by PCA are those exposed in Table 1 . In general, the optimal correlation value is unity and a value smaller than 0.70 is assumed to be problematic. Taking into account the weak correlations between either the inflow (Q in ) and the overflow discharge (Q ov ) or the upstream water depth (h w ) and the overflow discharge (Q ov ), the studied variables can be considered as linearly independent. Such a result confirms the fact that a linear relationship does not allow an accurate estimation of overflow discharges, at least in this case study where the side weir always behaves under backwater effects.
Conceptual approach
Proposed model
Considering the results from PCA, it was therefore decided to see whether a non-linear ANN model would perform any better on the overflow discharge estimation. The developed model is based on the study of the following relationship:
where Q ov is the overflow discharge, H is the upstream head on the side weir, and a and b are the calibration parameters.
The choice of such an approach over an inflowoverflow discharge relationship lies in the fact that this latter does not make it possible to take into account backwater effects. As mentioned previously, this configur- 
Model calibration
Among the 25 rain events which were available, 19 events (1100 observations) were used for the neural network Figure 4 .
In order to adapt neural network model output to the basic form of the discharge equation (7), the model input was transformed by the logarithmic function as follows:
where c was set to 10 − 4 just to avoid the entry of zero head on the side weir in the ln function.
Relationship induced by the ANN
The output from the ANN model can be expressed mathematically as:
which can be reduced to: Referring to the basic form of the discharge equation,
where Q ov is the overflow discharge, C w is the discharge coefficient, L is the length of the weir, g is the gravitational acceleration and H is the head above the weir, the relationship induced by the ANN model can be written as:
The discharge coefficient will therefore have the following expression:
It is quite obvious that the discharge relationship induced by the ANN model is non-linear and the discharge coefficient is non-constant. The criteria used to evaluate the performances of the developed model are discussed in the following subsection.
Model performance criteria
Model performances are evaluated using the remaining part of the available data corresponding to the 6 rain events (360 observations) which have not been introduced in the calibration phase. To achieve this task, three criteria are used. As the accurate estimation of peak flows is of particular interest for the sewer system hydraulics, the weighted quadratic deviation (WQD) (Petit et al. 1998 ) is selected. This criterion can be specified as:
where Q i and Q i are respectively the measured and simulated overflow discharges at time step i and n t is the total number of time steps for each hydrograph. The WQD criterion has the following advantages:
-it is dimensionless;
-it grants a larger weight to the significant discharges thanks to the product (Q i Q i );
-it gives the same deviation if we invert the two hydrographs.
As it shows the global goodness of the fit, the WQD criterion is difficult to interpret independently. Therefore, an easy to interpret and dimensionless criterion has been included. This is the peak discharge criterion (PDC) which can be written as:
where Q p and Q p are respectively the measured and the simulated peak discharge. For both the WQD and the PDC, a value equal to zero shows a perfect model. To estimate the efficiency of the fit, the R 2 criterion is also considered. The optimum R 2 value is unity and an R 2 smaller than 0.7 corresponds to a very poor fit.
In order to highlight the improvements given by the developed approach, the results provided by the developed model of side weir overflow are compared to those
given by an existing model (the De Marchi model) which uses the standard weir equation:
where C dm represents the De Marchi coefficient.
The De Marchi coefficient is empirically defined according to the Froude number (Fr) at the upstream of the side weir (El Khashab & Smith 1976) . The Froude number is specified as: While the calibration parameters of the developed model, as they have been defined, are only validated for the studied side weir overflow, the methodology can, however, easily be adapted to any other configuration.
Such an approach has also the advantage of implicitly incorporating side weir overflow geometry, channel slope and roughness as well as upstream and downstream flow conditions in the developed discharge equation. 
